Despite all the success with developing super-resolution imaging techniques, the Abbe limit poses a severe fundamental restriction on the resolution of far-field imaging systems based on diffraction of light. Imaging with contact microlenses, such as microspheres or microfibers, can increase the resolution by a factor of two beyond the Abbe limit. The theoretical mechanisms of these methods are debated in the literature. In this work, we focus on the recently expressed idea that optical coupling between closely spaced nanoscale objects can lead to the formation of the modes that drastically impact the imaging properties. These coupling effects emerge in nanoplasmonic or nanocavity clusters, photonic molecules, or various arrays under resonant excitation conditions. The coherent nature of imaging processes is key to understanding their physical mechanisms. We used a cluster of point dipoles, as a simple model system, to study and compare the consequences of coherent and incoherent imaging. Using finite difference time domain modeling, we show that the coherent images are full of artefacts. The out-of-phase oscillations produce zero-intensity points that can be observed with practically unlimited resolution (determined by the noise). We showed that depending on the phase distribution, the nanoplasmonic cluster can appear with the arbitrary shape, and such images were obtained experimentally.
INTRODUCTION
In recent years, a new field of microscopy -super-resolved fluorescence (FL) microscopy -was created and marked by the 2014 Nobel Prize in Chemistry that was awarded to Eric Betzig, Stefan Hell, and William E. Moerner for their pioneering work [1] . Staining biological samples with dyes allows 'highlighting' and making visible some sub-structures; however, it is not always a desirable option. On the other hand, the label-free microscopy methods usually produce images with less brightness and optical contrast, especially in the case of small-scale structures [2] . The far-field resolution of both methods, super-resolved FL and label-free microscopies, is fundamentally limited by the diffraction of light. The diffraction-limited resolution is given by the Abbe's formula, λ/(2NA), where λ is the illumination wavelength and NA is the numerical aperture of the microscope objective. The resolution can be increased due to a solid immersion lens principle in which the best diffraction-limited resolution can approach λ/(2n o ), where n o is the index of the object space. However, increasing the resolution further requires different approaches such as the use of optical nonlinearity (similar to STED microscopy [1] ), optical near-fields (similar to SNOM), far-field superlenses and hyperlenses, or structured illumination in combination with various image processing methods.
In this context, imaging by contact microlenses such as microspheres and microfibers emerged as a simple alternative technique that provides resolution of nanoplasmonic structures on the scale of λ/7 [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Attempts to understand the underlying physical mechanisms responsible for super-resolution imaging in this method were made [13] . They were based on unusually sharp focusing properties of small spheres ("photonic nanojets" [14] [15] [16] ) and on using their resonant properties. However, only a slight increase of the resolution beyond the Abbe formula was observed. Thus, the experimental resolution values ~λ/7 remains largely unexplained.
In our recent work [17] [18] [19] , we proposed that the super-resolution can be facilitated by the excitation of the coupled modes in closely spaced nanoscale objects. Examples of such objects include nanoplasmonic arrays [11, 12] , coupled nanospheres [20] , and coupled-cavity arrays [21, 22] . If such modes are resonantly excited, they can be imaged in the far-field due to their coupling into the contact microlenses. Imaging with participation of such modes is less studied compared to incoherent imaging [23] .
In this work, we study such coherent imaging of coupled modes using a simplified model of point sources with different spatial configurations and phase distributions to represent qualitatively the properties of such modes. Using finite-difference time-domain (FDTD) modeling, we compared coherent and incoherent images and showed that in the former case there are interesting artifacts. It is shown that some features in the coherent images can be observed with the resolution far beyond the classical Abbe limit.
EXPERIMENTAL SETUP AND GEOMETRY
In Fig. 1 we illustrated the setup and geometry of the experiments based on using microspheres in contact with nanoplasmonic structures. In this example, we used high-index (n sph ~ 1.9 -2.2) BaTiO 3 glass microspheres with diameter D sph = 8 µm, which were immersed in isopropyl alcohol (IPA) with a refractive index of n o ~ 1.37. Typical nanoplasmonic array contained Au or Al dimers which were not resolvable by conventional microscope with the best objectives. However, the virtual imaging through the microsphere allows one to resolve the minimum at the center of each dimer. The virtual image was obtained in a confocal mode with the Olympus LEXT-OLS4000 microscope operating with 20 × (NA = 0.6) objective. 
N UMERICAL MODELING
The numerical modeling was performed using Lumerical FDTD Solution software. As point sources, we used femtosecond electric dipoles oscillating perpendicular to the object plane with the emission maximum at λ = 405 nm in air. We found that the calculations with microspheres are much more time consuming compared to electromagnetic modeling performed without microspheres, which can be related to multiple reflections of light inside the spheres. To simplify the calculations and represent effects of coherent imaging in a uniform environment, we performed modeling without microspheres. We assumed that the half-space above the object plane has index n o = 1.5 to take into account the effective index introduced by the spheres due to solid immersion effect. The images were acquired by an electric field magnitude monitor in the frequency domain and reconstructed using far-field imaging program (developed by Lumerical), which essentially mimics the function of the microscope objective with the maximal effective numerical aperture corresponding in this case to 1.5. The electric field amplitude map is calculated at the virtual image plane identified by the far-field imaging program due to maximal amplitude of the electric field. The mesh size in the medium was λ/(18n o ).
As illustrated in Fig. 2(a) , we simulated the object illustrated in Fig. 1 (b) using 8 point dipoles assembled as 4 pairs (dimers) with the separation (s) above the diffraction limit (top row, s = 200 nm > λ/(2n o ) = 135 nm) and below the diffraction limit (lower row, s = 100 nm < λ/(2n o ) = 135 nm). The incoherent images of such objects were calculated using a random phase shift between the point sources. Such images presented in Fig. 2(d) illustrate behavior predicted by the Abbe's formula. The image in the top row for s = 200 nm is resolved, whereas the image in the lower row for s = 100 nm is not resolved. The appearance of the incoherent images is reminiscent of the experimental image in Fig. 1(c) . Even a slightly pronounced peak between the dimers is reproduced by the calculations. This type of peak can be interpreted as an artifact of incoherent imaging.
Figure 2: (a) 8-dipole object; Calculated far-field images for point sources in dimers oscillating: (b) out-of-phase, (c) in phase, and (d) incoherently.
The most interesting results were obtained in the case of coherent imaging performed for the out-of-phase and in-phase oscillations of dipoles in dimers, as illustrated in Figs. 2(b) and 2(c), respectively. We found the same tendency which we previously established in the case of 2D modeling [16] . In the out-of-phase case, the images look resolved for any separation (s) in dimers. This property can be understood as an artifact of coherent imaging determined by the destructive interference. In principle, it can be viewed as an "infinite" resolution of the zero-intensity point in the middle of each dimer. On the other hand, in the in-phase case, the resolution of dimers is actually worse compared to the incoherent case. This case is accompanied by the appearance of strong peaks between the dimers which are also artifacts of coherent imaging appearing due to constructive interference of the emission of neighboring dimers. It seems that in most of the cases the imaging of nanoplasmonic structures corresponds to incoherent case. It should be noted, however, that experimentally we do not have an independent control of the modes that can be resonantly excited in such structures. In principle, their excitation may become possible if a coherent laser source with narrow emission line turned out to be in resonance with the coupled modes of the plasmonic or photonic clusters. An example of a situation which strongly suggests such a possibility is illustrated in Fig. 3 .
Figure 3. (a) SEM image of the array of 4-circle objects, (b) virtual image at 405 nm acquired through a 5 μm SiO 2 sphere, (c) 4-dipole object with the phase distribution indicated, and (d) calculated far-field image reminiscent of the experimental image in (b).
The diagonal streaks in Fig. 3(b) can be explained by the excitation of the coupled states of such plasmonic clusters with the characteristic phase distribution illustrated in Fig. 3(c) . The calculated image of a single cluster of 4 dipoles with such phase distribution reminds the experimental image of such clusters presented in Fig. 3(b) .
CONCLUSIONS
We performed electromagnetic modeling of several closely-spaced point sources without microspheres. It is shown that the imaging of subwavelength structures is dramatically different in the coherent case compared to the incoherent case. Incoherent imaging correctly displays the shape of the objects, however even this case is not free from artifacts. Coherent imaging is dramatically different, especially for subwavelength structures. If different parts of the nanoscale clusters oscillate out-of-phase, the gap between such parts usually can be observed with "infinite" resolution that does not contradict the classical Abbe limit. The coherent imaging has various artifacts. The role of these artifacts in imaging is dubious. On one hand, they distort the optical images. On the other hand, they can be used for precise localization of some objects and they can also play some part in the experimental quantification of resolution in such structures. Usually, such quantification is developed for incoherent imaging. However, if coherent imaging becomes involved, it needs to be carefully taken into account in order to determine the resolution. This work shows that selective excitation of the coupled states of closely spaced nanoplasmonic and nanophotonic objects can open new ways of their imaging where extraordinary precise positional information can be obtained. In our future work, we will perform similar studies for imaging through microspheres where additional resolution advantages become possible due to the optical magnification and collection of the optical near-fields by the contact microlens. 
